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Outline

d What are we measuring?

d How are we measuring?

d What kind of information can we
extract?

d Beyond the classic setup : variants

and particular designs
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What are we talking about ?

B = Ho @"" W

L
[

magnetic field A/ m]

<
1

magnetization A/ mj

B = magnetic induction [T]

V.B=0
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H and M are expressed in the same units




And a little bit more ...

m = magnetic moment [A.m?]
M =magnetization [A/ m]
(=m/V)
Y = magnetic susceptibility A M
DC —
(=M /H) 'DC] . X
. H
v = magnetic susceptibility §
AC =dM/dH) S '
( ) [AC] i
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And a little bit more ...

m = f (physics, applied field, volume)

<
1l

f (physics, applied field, )

DC

> = f (physics, , )

AC
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So: do not confuse thetwo m’s : « M » and « m »

Magnetic moment [Am?]
or [emu] = [103 Am?]

m="

/ V
Magnetisation (EN) \

Almantation (FR) \olume [m?]
[A/m]

Philippe VANDERBEMDEN - Lecture « AC magnetic susceptibility » - Magnetometry school — Caen — October 2021




So: do not confusethetwo m’s : « M » and « m »

00006 L
Noooal GGraph: Data Selection - ULG-5PH-300K-5CAN F 10
Apiz  Log Drata Ao
~| Iv
il
B
iz
iz
MOTE: Log scales show only positive values
Data Group Dizplay Range
|ﬂ"" ﬂ f+ All Records
& vt oo || € Last i

(argh!)
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So: do not confuse thetwo m’s : « M » and « m »

Beaucoup mieux: M&m ,s
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Types of magnetic sollicitations

Direct current H
Steady-state regime T __________
—> « DC » >
time
Quasi-static H @ —
Transient regime
— « DC » (too)
>
time
H
Alternating T
Sinewave signal
— «AC » /\\//\\/ ”
e time
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Characteristics of AC susceptibility

H

LR
*
0‘ *
4 *
R *
& *
L4 .
Ld .
s Py
\J 4 -
. L4
. &
* &
. &
“ *
-
0. ‘0

t

dt = dH = dM = dB

sensitivity to
™~ (dM/dH) -

sensitivity to phenomena
related to (dB/dt)
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What are we measuring ? (1/2)

H 4 M

_____________________________

H(t) = H; cos(wt)

[ 0= 271 f] \

—»! 4~ PHASE-LAG
M(t) = M, cos(wt - ¢)
= M, cos(q) cos(wt) + M; sin(p) sin(wt)
g J . J

Y Y

| Important remarks !
» M(t) is assumed to follow a sinewave
» Physics dictates that M” should be > 0
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What are we measuring ? (1/2)

H(t) = H{ cos(wt)
[ 0= 27 ]

M’ cos(mt)

M” sin(ot)

HA

LA

>
“

YA

A A

r““

\/\/

A><\ DN

Q
Q
Q
K
0 o

" t
In-phase
> 4 component
Out-of-phase
> component
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Use of the complex notation (phasors)

Time notation Phasor notation

H(ty  =H, cos(ot) =R [eit] > H,=H, [e]
M) =M, cos(mt- o) \

= M, cos(p) cos(ot) + M, sin(e) sin(et) Real number

= M’ cos(wt) + M” Sln(oot)

=R[Melt]+R[M’ e iletn2)]

=R[Melt]+R[-] M el _ |

=R [(M'-]M") e et] | > Mi=M, [e]

/

Complex number
M, =M -jM”
X1 =My/Hy =y -] %
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Complex AC susceptibility

When M(t) is assumed to follow a pure sinewave
(i.e. only one « fundamental » signal at one frequency o)
the complex AC susceptibility reads:

X1=X=% -1
A A

v’ 1S related to magnetic energy
stored in the material

v Is related to magnetic energy
converted into heat

during one cycle of
the applied AC field.
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Signs of y' and "~ ?

SN

The sign of y’ depends whether
the material attracts or repels
magnetic flux lines

If there are no losses:
XH — O

i If there are magnetic losses:
v’ < 0 for diamagnetic mat. v’ > 0

x> 0 for paramagnetic mat.
ferromagnets
anti-ferromagnets
ferrimagnets
etc.

Energy W, converted into heat
during one cycle:

Wy = m(uoHi)yx”> 0

[ » In all cases, x” should be always >0 j
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What are we measuring ? (2/2)

H 4 M

\

H(t) = H; cos(wt)

<+— PHASE-LAG

» We will consider now that M(t) does
NOT necessarily follow a sinewave
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What are we measuring ? (2/2)

H

4 M
H(t) = H; cos(wt) /-\ A

t
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What are we measuring ? (2/2)

H 4 M

H(t) = H, cos(ot) &\ ﬂ[\\

Since M(t) is not a sinewave, it can no longer be be expressed as
M’ cos(mt) + M” sin(wt)

BUT M(t) is still a periodic signal of the same period as the AC field.
Therefore, thanks to the Fourier theorem, M(t) reads

[ M(t) =H; Y= (xncos(nwt) + y'ysin(nwt)) J
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What are we measuring ? (2/2)

H 4 M

M(t) 4 V:V

M, cos(wt - ¢,)

+ M, cos(2wt - ¢,)
+ M, cos(3ot - 4 T+
3 (PB) !
/ \

+ ...

For the example displayed here, we assume that only the M, harmonics =0

H(t) = H; cos(wt) Q A\

t
\

’

... with both

in-phase and
out-of-phase
components

... with both

iIn-phase and
out-of-phase
components



What are we measuring ? (2/2)

H 4 M

H(t) = H, cos(ot) &\ ﬂ[\\
\(/ Y/ Tt

[ M) =H; Y1 ()(,’,Lcos(na)t) + ¥, sin(nwt) ) }

If M(t) is a pure sinewave : y; and y; only — %’ (=yx1)and y” (=x;)
If M(t) is distorted : — the harmonic susceptibilities might be = 0

[ » Harmonics originate from the non-linearity of the M-H process ]
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How to find ¥ and y " in the general case ?

M) =H; Yoy (xncos(nwt) + x'',, sin(nwt) )

&

f M(wt) cos(wt) d(wt)

X1=
7TH1

X1 = nil-ll f M(wt) sin(wt) d(wt)

The knowledge of M(t) is resulting from H(t) is therefore required
to predict theoretically the values of y’ and y”.
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How to find the harmonics components?

M(t) =H; Y=g ()(;lcos(na)t) + ¥, sin(nwt) )

&

A= f M(wt) cos(nwt) d(wt)

nHl

Xn = n% f M(wt) sin(nwt) d(wt)
1

The analytical determination of the harmonics components will be
carried out particular cases in the section « what kind of information ».
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Outline

d How are we measuring?

d What kind of information can we
extract?

d Beyond the classic setup : variants

and particular designs
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Pour apprendre
guelgue chose
aux gens,

Il faut meélanger

ce qu’ils connaissent
avec...

ce qu’ils ignorent

Pablo Picasso



Use of Faraday law: e.m.f. = - N d¢/dt

sample o
: e.m.f.
5‘ (00 !/ 144 .
[ v(t) = X (vicos(nwt) + v, sin(nwt) )
(=
(—
(>
O
pick-up coll
(N turns) » Fundamental (n=1) and harmonics

components can be separated by filtering

» In-phase and out-of-phase components

can be measured using a lock-in amplifier

H(t) = H, cos(wt) (PSD = Phase Sensitive Detection)

produced by an air coll
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Use of Faraday law : e.m.f. = - N d¢/dt

sample 5

: e.m.f.

5‘ (00 !/ 144 .

[ v(t) = X (vicos(nwt) + v, sin(nwt) )

[

(>

(— —

Each component is a function of

pick-up coil
(N turns)

field parameters : ««c H; and o« ®
the sample volume o« V

the number of turns of the coil «« N
the sample dimensions

the coil dimensions

the magnetic susceptibility

VVVYVYVY

H(t) = H, cos(wt)
produced by an air coll
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Sample and pick-up coil dimensions:
TWO |Imltlﬂg CaSGS sample

sample

\vnﬁmv
E(((

sick-up coil pick-up coil

sample dimensions << coil dimensions Tightly wrapped coil

Sensitive to the Sensitive to the
magnetic moment m oc <M> magnetic flux ¢ o« <B>
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Configuration the most sensitive to y

Sample
(volume
V)

H, cos(wmt)

O
’
S
s 4
’ EE— >
’
’
’ —/
e.m.f.
TN
(O~
D
(O
(O~
=
D
O

Two identical pick-up coils are placed
In series opposition. One can show that
the e.m.f. v is given by

1
=|— |V H
v 0 fHyx

where « is the calibration constant of

the susceptometer, which depends
primarily of the geometry of the

sensing coils. It has to be determined by
an appropriate calibration procedure.

Note that the calibration factor derived is
valid strictly only for specimens of the
same size and shape as the standard used.
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Calibration of the susceptometer

Calibration of ac susceptometer for cylindrical specimens

R. B. Goldfarb and J. V. Minervini
Electromagnetic Technology Division, National Bureau of Standards, Boulder, Colorado 80303
(Received 11 November 1983; accepted for publication 30 January 1984)

The absolute magnetic susceptibility of cylindrical specimens is obtained with an ac
susceptometer whose calibration is based on a calculation of mutual inductance. An axially
magnetized cylinder is modeled as a solenoid of the same size. The mutual inductance between
such a solenoid and a pickup coil of arbitrary dimensions is computed. The susceptibility is then a
function of the mutual inductance, the cylinder length, the magnitude and frequency of the ac
magnetizing field, and the voltage induced on the pickup coil. Demagnetization factor and eddy-
current effects are considered, an example is given, and pickup coil compensation is discussed.
Other calibration methods are also presented.

PACS numbers: 07.55. + x

Goldfarb R B and Minervini J V (1984) Rev. Sci. Instrum. 55 761
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Calibration of the susceptometer

REVIEW OF SCIENTIFIC INSTRUMENTS 82, 045112 (2011)

Calibration of ac and dc magnetometers with a Dy,0O3; standard

|http:.-"fdx.dni.n:urgf11

D.-X. Chen,! V. Skumryev," and B. Bozzo?
'ICREA and Departament de Fisica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Barcelona, Spain

YInstitut de Ciéncia de Materials de Barcelona, CSIC, 08193 Bellaterra, Barcelona, Spain

(Received 29 November 2010; accepted 27 March 2011 published online 27 April 2011)

The ac susceptibility and magnetization curves of a glued Dy,0; powder sample are measured by
an ac susceptometer and a dc superconducting quantum interference device magnetometer, both of
which have been calibrated previously. It is shown that the magnetic moment of the paramagnetic
sample as a function of field and temperature may be accurately expressed by a combination of the
Curie—Weiss law and the Langevin function at T = 45 K with three adjusting parameters, so that
the dc magnetization curves and the magnitude and phase of ac susceptibility at different values of
dc bias field measured by any magnetometer can be calibrated by using Dy;03 as a standard. The

D.-X. Chen, V. Skumryev, and B. Bozzo, Rev. Sci. Instrum. 82 045112 (2011)
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Calibration of the susceptometer

» Idea : using a calibration coil connected electrically in series with the primary coil
of the susceptometer. This ensures that the calibration ac magnetic moment m
(produced by the calibration coil) has exactly the same frequency and the same

phase as the applied AC magnetic field.

(") |
N | _ If | represents the current in

|l T [ Primary coil the calibration coil of cross
' section S, and N turns, the

'l M.y, IS then given by

|

— Secondary coil

Calibration coil
(same dimensions
as the sample)

P Laurent, J F Fagnard, B VVanderheyden, N Hari Babu, D A Cardwell, M Ausloos
and P Vanderbemden, Measurement Science and Technology 19 (2008) 085705

resulting magnetic moment,
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Overcoming the unbalance of pick-up coils

Two identical pick-up coils can never be achieved. The best method is to place at the
centre of both sensing coils and subtracting the signals : V = (V, - V,) / 2.

O O

sample

TN
VF

,

'v
— o
(—=— (—~
= =
(~ ___~ emf ( ___~ emf
(O~ D (>
H, cos(ot) H, cos(ot) (S
O~ 9
S—— S
S =
(O (>
(O~ (>
sample
O O
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Procedure carried outin a QD PPMS

® @ ®

By default, the sample undergoes a five-point measurement process that utilizes the calibration coil \
to increase measurement accuracy. The first readmg 1s made with the sample positioned in the center
of the bottom detection coil. Then the sampls 1 of the top detection coil. and
then in the center of the bottom coil agaid cnals from the detection
coil array are amplified. low-pass filtered. anthdre o= o-dlgltal converter (A/D).
These SlEIlalS are stored as waveform blocks in the data buffer. All 128 buffer points are used to
record each response waveform. The points are fitted and compared to the driving signal to determine
the real and imaginary components of the response when the sample is in the center of each detection
coil. (Imaginary components are in phase with the driving signal and real components are 90° out of
phase with the driving signal.) Subtracting one reading from the other gives a sample vector in the
complex plane.

Juswainses |\

When the bc:ttom—top bottom coil 1'eadi.ugs are comple‘re the

the calibration coil switched into the detection circuit with Oppo eal and Imaginary
components of each response waveform are obtained by again ﬁﬂl.llE ‘rhe data and comp’n‘mg it to the
driving signal. The two calibration readings are subtracted to yield a calibration vector in the complex
plane. Subtracting the two ecalibration readings subtracts out the sample signal. leaving only environ-
mental and mstrumental factors that affect the reading.

©® OO

uorreiqied

Physical Property Measurement System AC Measurement System Option User’s Manual



In practice, 6 coils are used

i SAMPLE SPACE |
/?.?mm DIAMETER | I @; ACMS INSERT

A S S 3

- AC DRIVE COIL | 306in,
|
|
AC DRIVE COMPENSATION | L,

COIL l |
DETECTION COILS ¢+/— 4.6in.
— N COILS ¢+/=)

11l 7cmn

S

o F A

o

P

Each detection coil also contains a low-inductance calibration coil. These two single-turn calibration
coils are connected in series and are sitnated at the center of each detection coil. where the sample
measurements oceur. During AC measurements, the accuracy of the phase and amplitude calibration

1s inereased by placing the sample between the two detection coils and switching the calibration coils

into the detection coil circuit with both possible polarities. The calibration coil is a feature found only
on the Quantum Design ACMS.

- - A A

Figure 1-1. ACMS Insert and Coil Set

Physical Property Measurement System AC Measurement System Option User’s Manual
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Importance of centering the sample

In a commercial device, the sample has to be centered by moving accurately
through the detection coils, and record the signal for a finite number of well-
defined (e.g. 64) positions.

Note however that no motion is used for the measurement itself. In an AC
susceptibility the sample is stationary during the measurement.

That is why the “AC centering” is usually more accurate than the “DC centering”
The centering has to be carried out each time a new sample is measured, ideally
for the same AC field amplitude and frequency as for the measurement itself.

1 ACMS Control Center HE E
Datafile | Sample | Properties 'Wavefoms l.&.dvancadl Configure |

Vamplitude = 0.1348my

Status |3ample Center completed at 125 Gain

AC Meazure | DC Meazure

Figure 4-2. Example of Plot of AC Centering in Waveforms Tab

Physical Property Measurement System AC Measurement System Option User’s Manual
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Outline

d What kind of information can we
extract?
d Beyond the classic setup : variants

and particular designs
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The father of magnetism:

William Gilbert
(1544-1603)

« De Magnete » (1600)
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NB : Before Gilbert...
(about naturally
magnetized stones)

« This kind of stone restores
husbands to wives and
Increases elegance
and charm in speech.

Moreover, along with honey, it cures dropsy,
fox mange and burn. »

Bartholomew of England
(1203 - 1272)



What are the factors affecting the
“magnetic response” to an AC field ?

H(t) = H, cos(mt) t
ACHieldsamplitude

samplelproperties
. *

ACHieldifiequency

DERiieldi’ ﬁ samplelgeometry

Olientaticntofsthelfieldiwithire spectitorthersample
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What are the factors affecting the
“magnetic response” to an AC field ?

» Looking at the measured signal v across the sensing coils, one has

1 4 - ~)
v=\=] f| VI H X
a
P /% 7
m M

m ............ = f (physics, applied field, volume)
M =m/V = f(physics, applied field, )
v = M/H, =f(physics, , )

» In general, y,. may still depend on the applied field and on the volume !

Philippe VANDERBEMDEN - Lecture « AC magnetic susceptibility » - Magnetometry school — Caen — October 2021
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Why does the AC susceptibility depend on
the volume of the sample ?

» One of the main reason is the scale of the physical mechanism giving
rise to the AC magnetic response

Microscopic scale Macroscopic scale
Dia- / Para- magnetism Eddy currents in conductors
Ferro- / Ferri- magnetism Type-I superconductors
Magnetic nanoparticules Type-Il superconductors
Orientation Maf:ros_,COpic
of spins (shielding)
currents

vy IS very weakly y IS strongly
volume dependent volume dependent
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Sample shape and field orientation:
Demagnetization effects

A magnetized sample (e.g. M > 0) of finite size creates a
field in the surrounding space and within the sample itself.
This field — called demagnetizing field Hy — is always
opposite in direction to the sample magnetization.

The total or internal applied field, Hy, is the sum of the field
applied by the magnet H,,,, and the demagnetizing field Hp,.
In the simple case H // H,, one has

Ferromagnetic

L Hint . Happ + HD } material

with

Chpm-om

D represents the dimensionless demagnetizing factor




Demagnetizing factors "“D” [or "N’}

E”|p50|d » In this case M is uniform within the body.
If M is parallel to one of the principal axes
of the ellipsoid, the demagnetizing field is
uniform too.

/ » The demagnetization factor D along the
three axes can be calculated analytically.

» One has: D,+D,+D,=1.

PHYSICAL REVIEW VOLUME 67, NUMBERS 11 AND 12 JUNE 1 AND 15, 1945

Demagnetizing Factors of the General Ellipsoid

J. A. OsBORN
Naval Ordunance Laboratory, Washington, D. C.

(Received March 24, 1945)

Charts and tables of the demagnetizing factors of prolate and oblate spheroids are readily
available; however, demagnetizing factors of ellipsoids of three different axes are incompletely
tabulated and laborious to calculate. This article presents charts and tables which make possible
casy determination of the demagnetizing factor for any principal axis of an ellipsoid of any
shape. Formulas for the demagnetizing factors of the general ellipsoid are included together
with supplementary formulas which cover a large number of special cases.

Osborn, J. A. Phys. Rev. 67, 351-357, (1945) 45



Demagnetizing factors "“D” [or "N’}

Other shapes
» In general M is NOT uniform within the body.

» Therefore averages of D should be used.

» The simplest cases are still when the field is
parallel to the principal axes of the body.
» Onestillhas: D, +D,+D, = 1.
H ' » Two kinds of averages can be used, and
therefore two kinds of demagnetization factors
MAGNETOMETRIC FLUXMETRIC
demagnetization factor demagnetization factor
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ELSEVIER

Available online at www.sciencadirect. com
*.” ScienceDirect

Journal of Magnetism and Magnetc Materials 306 (2006) 135-146

M oraicn

T

wanw zlsevier.com) locate jmmm

w and «w demagnetizing factors for cylinders

D.-X. Chen™*, E. Pardo®, A. Sanchez”

ICREA and Grup &'Eleciromagnetisme, Departament de Fisioa, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
" rup o Electromagnetisme, Departament de Fisica, Universitat Autdnoma de Barcelona, 08195 Bellaterra, Spain

Recaved 18 June 205; received in revised form 17 February 2006
Avmlable online 23 March 2006

1. Introduction

As is described by Bozorth [1], when a rod is magnetized
by an applied field I, its ends carry magnetic poles which
themselves cause magnetic fields to be present in all parts of
the rod. Normally, these fields are directed in the opposite
direction to the field H,, and are therefore called
demagnetizing fields. Since demagnetizing fields are gen-
erally nonuniform, certain space averages are assumed [or
treating them. When the applied field H, is uniform and
the average is carried out over the midplane or the entire
volume (with subscripts mid and vol), the demagnetizing
field Hy 1s proportional to the magnetization M as

‘”rmid,'ml - Lra + er,mid,vnl - ‘”ra - Nl’,mMmid,\rula {l)

if the material has a constant susceptibility y. Coefficients
Ny and N, are relerred to as the [luxmetric and
magnetometric demagnetizing factors, respectively, owing
to their main applications in two types of magnetic
measurements. We note that for samples with negative y,
Hg is in the direction along H, but opposite to M. Thus,

“se‘“\

Chen D X, Brag J A and Goldfarb R B (1991) IEEE Trans. Magn. 27 3601 \
Chen D X, Pardo E and Sanchez A (2006) J. Magn. Mater. 306 135



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 6 15 MARCH 1998

Demagnetizing factors for rectangular ferromagnetic prisms

Amikam Aharoni®
Department of Electronics, Weizmann Institute of Science, 76100 Rehovoth, Israel

2 \'a:+b:+c2—a' at—c? | \'a:+bl+c2—b% b
wD.= In| ——= +— In| —= +5=In —s
Na“+b +c +a) ~ac Na~+b +ec-+b] <€ \\a +b —a

(Ja*+b*+a

Ja*+c*—a a*+b’-2¢°

3abe

ab
c\a:+b:+c:

BT+ c7-b|
s . ,)—ln
Vb2 +c*+b) 2B

+2 arctau(

\a:+cz+a, .

¥ 2 ¥

+——=——Va +b tet —(Va~tecTH b teT)—

3abc ab 3abc

Journals & Magazines = |EEE Transactions on Magnetics = Volume: 38 Issue: 4 a‘ 6*

Demagnetizing factors of rectangular prisms and ellipsoids

m Du-Xing Chen ; E. Pardo ; A. Sanchez View All Authors

A. Aharoni Journal of Applied Physics 83, 3432 (1998)
D.-X. Chen, E. Pardo, and A. Sanchez, IEEE Trans. Magn., 41, (2005) 2077
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NB : To understand magnetic flux penetration in
Type-Il superconductors of finite height, see...

PHYSICAL REVIEW B VOLUME 40, NUMBER 13 1 NOVEMBER 1989

Critical state in disk-shaped superconductors

M. Diaumling and D. C. Larbalestier®
Applied Superconductivity Center, University of Wisconsin-Madison, Madison, Wisconsin 53706
(Received 24 July 1989)

We have calculated the magnetic fields and currents occurring in a disk-shaped superconductor
(radius>>thickness) in the critical state in a self-consistent way using finite-element analysis. We
find that the field shielded (or trapped) in the center of the disk is roughly equal to J.d, where d
is the thickness of the disk. The shielding currents also create radial fields which are of order
Jed/2 on the disk surface. For low applied fields Happ <J.d these self-field effects dominate,

PHYSICAL REVIEW B VOLUME 58, NUMBER 10 1 SEPTEMBER 1998-I1

Superconductor disks and cylinders in an axial magnetic field. I.
Flux penetration and magnetization curves

Ernst Helmut Brandt
Max-Planck-Institut fitr Metallforschung, D-70506 Stuttgart, Germany
(Received 14 November 1997)

.... as well as all Helmut Brandt’'s papers ©
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Note however the important distinction :

Demagnetizing effects should always be taken into account
when the sample cannot be considered infinitely long

BUT...

the conventional « demagnetizing factor » approach, strictly
speaking, is valid for linear materials.

For type-ll superconductors, only (semi-) analytical
calculations and numerical modelling are appropriate !
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Relation between ;.. and y .

» One should always distinguish the external (or apparent) susceptibility y.;
(obtained though a measurement) from the internal susceptibility ;.

M M
Next = Happ Aint Hint

» From the relation H,, =H,,,— D M, one finds directly:

Xint Yie = Xext
1+ D xins T 1 =D Yoxt

Xext =

Philippe VANDERBEMDEN - Lecture « AC magnetic susceptibility » - Magnetometry school — Caen — October 2021 52



Relation between ;.. and y .
for AC susceptibility

» In the AC regime, the values of external complex susceptibility
Yext = X'ext — ) A"ext CAN b€ converted into equivalent internal values

Yint = L'ine - J A ine USING the formulas

)
o e =Dl i)
" Dz(x;ﬂz +ngt2 )—ZD)(’e)<t +1
N
Db + " )~ 2D74 +1
\
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A few examples of
the theoretical response
of different materials
to an AC magnetic field
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(1) a linear (o independent) magnetic material

X0

X =Xo and y’

0

xn=0 and y,=0

A M-H

%o
o »
Q .
0 .
0 .
IORCRA
0 -
u e s
ay X
g »
N -
3 -
r 2 ’
: : |

:> » No out-of-phase susceptibility
» No harmonics
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(2) a linear, ® dependent, paramagnetic material

» We assume a Debye-type relaxation:

M A XO Xo — Xoo

= Xoo T :
X=A 1+ jwr

1+ w’t? -1
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(2) a linear, ® dependent, paramagnetic material

» We assume a Debye-type relaxation:

M X0

/ XO_XOO ' E
X' =Yoo+ X | ot

P01+ w?r?

y WT(Xo — Xoo)
1+ w?t? .

X
, . o7
:> No harmonics Yoy Yo -
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(3) a non-linear (o Independent) superparamagnetic mat.

A M/ Mg,

1

M= M, £ (H/H*

sat

L (x) = coth(x) — 1/x
~ (1/3) x — (1/45) x3 +...

0
Mgar =N m
H* = KkgT / pgom
» n = density of magnetic moments
» m = individual magnetic moment
» kg = Boltzmann constant
» T = absolute temperature
» L(xX) = Langevin function
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(3) a non-linear (o iIndependent) paramagnetic material

A M/ Mg,

1

~ Mg,/ 3H*

sat

M= Mg, L (H/H?*)

L (x) = coth(x) — 1/x
~ (1/3) x — (1/45) x3 [+...]

..illll» H/ H*
012345

» Replacing H by H; cos(wt), and
remembering that cos3(x) = (3/4) cos(x)
+ (1/4)cos(3x), only the cos(wt) and the
cos(3wt) terms remain. Thus

2
5=Msat 1_H1 H=O
X 3H* 20H*2 X
M
I sat 2 n_

M - H
A

R ::': ““’ >
Y t

» Harmonic 3

» No out-of-phase signal
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(4) a soft (insulating) ferromagnetic material

» We assume small amplitude hysteresis
XO loops which are a quadratic function of H
(Rayleigh loops)

> M, = (Xo )H ~ o (H Hl)
H
M; = ()(0 + H—l) H+— —_ (H% —H;)
M - H
vy
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(4) a soft (insulating) ferromagnetic material

» We assume small amplitude hysteresis

XO loops which are a quadratic function of H
(Rayleigh loops)
> H Ml — (XO ) H _ 2H* (H Hl)
— 1 2
My = (o + 1) H + 5 (H? 1)
- Hy
X =Xt x53=0
, 4 (Hy 4 (H,
X = Q(H*) X3 = 157 (_)

:> » Non-zero odd harmonics (3, 5, 7 etc.)
» Non-zero out-of-phase signal — losses!
» NB If Hyc =0 — half-wave symmetry M(t-T/2) = - M(1)
— No even harmonic
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(5) a non-magnetic conducting material

M 4 H(t) = H, cos(wmt) /

— Eddy currents
q\ H — Magnetization opposing to the ﬁ
§ \ 1 variations of the applied field
\ § > — Sample size and shape dependent H
'H1 \) H — Here, we consider an infinite slab || H
M-H D

(x) = —tanh(ka) - 1 4 2a

.
.
0‘ *
° .
K4 *
.
® .
B .
N Py - >
. - e
* *
* *
0. ’0
TR

» 0 is the skin depth
> At low frequency , i.e. (a << 9), (ka << 1)

a No harmonics

2
(x) ~ - § (ka)? ~ - % (E) Non-zero out-of-phase signal
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Outline

d Beyond the classic setup : variants

and particular designs
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AC susceptometer for large AC fields

Cryogenics

&y Volume 34, |ssue 10, October 1994, Pages 837-838

ELSEVIER

Paper

Variable temperature insert for a.c. susceptibili

measurements at a.c. field amplitudes up o@

F. Gomary, P. Lobotka, K. Fréhlich

(100 mT)

INSTITUTE OF PHYSICS PUBLISHING MEASUREMENT SCIENCE AND TECHNOLOGY
Meas. Sci. Technol. 15 (2004) 1195-1202 PII: S0057-0233(04)74995-4

High-field ac susceptometer using
Helmholtz coils as a magnetizer

D-X Chen

ICREA and Grup d’Electromagnetisme, Departament de Fisica, Universitat Autbnoma de
Barcelona, 08193 Bellaterra, Barcelona, Catalonia, Spain

The actual value of the maximum field is determined
by the details of the magnetic measurements. In the ac

susceptibility measurements at 77 K dge€Tibed ection 4,
the maximum field amplitude is abou @ sing the (~ 625 mT)
exemplified coils. This 1s a typical valselordth-ficld ac

susceptometers used in the high-temperature superconductor

» L
_ N]]
= Ny,
Zog b
—+ Z,, sz
1 ‘s & It
. .
' 628 B
56

Figure 6. Axial cross-sectional view of the exemplified coil
assembly. Ny, and Nj2 are the magnetizing Helmholtz coils of
square coil cross-section. N, and Ny, are the thin measuring and
compensating coils. S is the measured sample. All the dimensions
are in units of mm.

GOomory F, Lobotka P and Frohlich K (1994) Cryogenics 34 837-8
Chen D-X (2004) Meas. Sci. Technol. 15 1195-202
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AC susceptometer for large samples

To pump t
40

1OP PUBLISHING MEASUREMENT SCIENCE AND TECHNOLOGY

Meas. Sci. Technol. 19 (2008) 085705 (10pp) doi: 10.1088/0957-0233/19/8/085705

Liquid nitrogen

%
A Primary coil

An ac susceptometer for the
characterization of large, bulk .
superconducting samples

VOT IO IR

Secondary coil

ST TIIIITITIIII TR
w
o

ik

P Laurent', J F Fagnard', B Vanderheyden!, N Harl Babu?,
D A Cardw ell“ M Ausloos® and P Vanderbemden

A4

.
(=
o~

120
ko
- -

|
)

- ¢

C

A\ ——

Sample location

15 sample Liquid nitrogen bath
/ \ f Ir =
/ DC coil [ 2r
(1 ,
\ 2§ / 50

{C
W

PN AN
(a)

TR TR,
(b)

Figure 1. (a) Schemaitic illustration of the geometrical arrangement of the coils used for the ac susceptometer. The primary coil consists of
two separate coils, one containing the sample (coil ‘1s”) and one used for reference (coil “1r”). Coil *1s” can be inserted in a large coil that
can generate a dc magnetic field. Primary coils ‘1s” and “1r’ contain their own secondary coil, *2s” and *2r’, respectively. (b) Cross-section
of the part of the susceptometer containing the sample illustrating the geometry the primary coil *1s” and the secondary coil “2s’. All
dimensions are given in mm. The sample, located in a vacuum vessel, is centred in the secondary coil *2s’. The reference coils (*1r" and
*2r") are identical to those shown in figure 1(b).

P Laurent, J F Fagnard, B Vanderheyden, N Hari Babu, D A Cardwell, M Ausloos
and P Vanderbemden, Measurement Science and Technology 19 (2008) 085705
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AC susceptometer based on a cryocooler

> Requires a weakly cold station 3
. e 4 _

conducting sample _L J\ <

holder with exce_llc_ent silicon rod B %
thermal conductivity. N S 10° -

\ E

> A polycrystalline TA =
silicon (Si) rod / E oo

proved to_ be a very Li o

good choice! ————
sample 10 100

Temperature (K)

Cryogenics 38 (1998) 839-842

© 1998 Elsevier Science Ltd. All rights reserved

Printed in Great Britain

PII: S0011-2275(98)00063-0 0011-2275/98/5—see front matter

ELSEVIER

Design of an A.C. susceptometer based on
a cryocooler

Ph. Vanderbemden

University of Liége, S.U.P.R.A.S., Montefiore Electricity Institute, B28, Sart-Tilman,
B-4000 Liege, Belgium

Vanderbemden P Cryogenics, 38 839 (1998)



AC susceptometry at "high” f (> 10 kHz)

‘H Available online at www.sciencedirect.com
Moy,
.@% *=* ScienceDirect M
M niteriais

ELSEVIER Journal of Magnetism and Magnetic Materials 311 (2007) 224-227

www.elsevier.com/locate/jmmm

Metallic cobalt nanoparticles for heating applications

Matthias Zeisberger™™, Silvio Dutz", Robert Miiller®, Rudolf Hergt",
Nina Matousscvitchb, Helmut Bénnemann®

“nstitut fiir Physikalische Hochtechnologie, A.-Einstein-Str. 9, D-07745 Jena, Germany
®Forschungszentrum Karlsruhe, ITC-CPV, Post Box 3640, D-76021 Karlsruhe, Germany

©

compensation
| % coil

| field coil

sample Lock-In
pick-up Amplifier
coil
RF The field coll
generator

(@ 14mm x 75mm, 75 turns) which is connected to a
function generator provides an AC field with an j

OA’m and a frequency in the range fro1

he sample is in a cylindric container (1
===fim x 7 mm) which is plaued inside the pick-up coil (23
turns). A compensation coil is used to cancel out the
background signal.

M. Zeisberger et al. Journal of Magnetism and Magnetic Materials 311 (2007) 224 67



“Wide-band” AC susceptometry

A H(t) = H; cos(mt)

~ M(t)
it Xa ~ Ma/Hl Xr = I\/IrlHl

RN
where M, 1s the sample magnetization at the moment when
\ > the external field reaches the maximum: we can call it
the ‘amplitude magnetization’. M, i1s the magnetization
t remaining 1n the sample at zero instantaneous value of the
AC field: we can call 1t the ‘remanent magnetization’
Supercond. Sci. Technol 10 (1997) 523-542 Printed in the UK PIl- S0953-2048(97)78196-X \

TOPICAL REVIEW

Characterization of high-temperature
superconductors by AC susceptibility > exc?® W
measurements

Fedor Gomory} j

Institute of Electrical Engineering, Slovak Academy of Sciences, Dabravska 9,
84239 Bratislava, Slovakia

F. GomOry, Supercond. Sci. Technol. 10 (1997) 523 68




Example : AC susceptibility of superconducting filaments in a silver matrix

25976 IEEE TRANSACTIONS O APPLIFD SUPER.CONDUCTIVITY, VOL. 13, HO. 2, JUNE 2003

Anisotropic AC Behavior of Multifilamentary
Bi1-2223/Ag Tapes

J-F. Fagnard, P. Vanderbemden, R. Cloots, and M. Ausloos

H,c || filaments H,c L filaments
0.5 1 1 I L 1 1 0.5 PRI S SIS T T S AT S S [T T T BT S N S S
l I
] . ""m\‘ vvvvvvvvvvv i ‘:
T e - e
% 0.0 Trmmmmmo e = : E 0.0 i
= ] £ _g -
= t  OH; = OH:
© == o .
2 & 3 )
5 ﬁ > 1000 Hz e
w = o e
Q 057 et Q05 2600Hz| .
< | T 1 swrvyreal < 6300 Hz| 7.
« 1000 Hz || o
2600 Hz ||
- 6300 Hz ||
1.0 e -1.0 T , T
0 20 40 60 80 100 120 140 80 100 120 140
Temperature (K) Temperature (K)

J F Fagnard, P Vanderbemden, R Cloots and M Ausloos, IEEE Trans. Appl. Supercond. 13 2976 (2003) 69



For further information...

» See reference list on the following page

= Magnetic Susceptibility
of

» See the old but excellent collection of papers

» See the following excellent introductory paper Superconductors and
Other Spin Systems

Aé\PT American Journal of Physics

HOME BROWSE INFO FOR AUTHORS COLLECTIONS

Home > American Journal I of Physics > Volume 63, Issue 1>10.1119/1.17770
Published Online: 28 July 1998 Accepted: June 1994 Edited by

Superconductivity: A guide to alternating current susceptibility ThoRn?clJ)seE '?;O:’fg\’/mo

measurements and alternating current susceptometer design and
Donald H. Lliebenberg

American Journal of Physics 63, 57 (1995); https:/dol.org/10.1119/1.17770

Martin Nikolo

Ed. Hein, R. A., Francavilla, T. L., Liebenberg, D.H. Plenum Press, New York. (1992)

Nikolo, M., Am. J. Phys., 63, 57 (1995)
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For further information...

Contact us : Philippe.Vanderbemden@uliege.be

Or visit us at :

222 L 3
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